Background: The optimal treatment for acute Achilles tendon ruptures is still an ongoing debate. Acute ultrasonography (US) investigation to measure the diastasis between the tendon ends has previously been used to classify acute Achilles tendon ruptures; however, no study has used US to predict reruptures and functional outcomes.
There is a seemingly never-ending debate on which treatment should be recommended for patients with an acute Achilles tendon rupture. 7 Results from several randomized controlled trials (RCTs) and meta-analyses have shown a higher rerupture rate in patients treated nonsurgically compared with a greater risk of wound infection after surgery. 2, 7 The results after nonsurgical treatment have markedly improved since the introduction of a functional brace and early weightbearing. 12 Focus has recently shifted toward providing individualized recommendations. 15 However, further research is needed to determine which factors can predict success with either treatment. 4, 15 The greater incidence of rerupture in nonsurgical patients may be due to nonhealing, which in turn could be a result of a large initial gap between the tendon ends. Thermann and Zwipp 18 proposed that an initial diastasis of more than 5 mm would adversely affect the functional outcome. Ultrasonography (US) in 25 of plantar flexion was suggested to be able to identify those patients who were suitable for nonsurgical treatment.
US has been used as an image modality for the diagnosis and evaluation of injuries for over 20 years. 5 However, acute Achilles tendon rupture is mainly a clinical diagnosis, where the history of an audible snap and sudden pain combined with a palpable gap and a positive Thompson test is sufficient to establish the diagnosis. 10 In patients with a typical history of trauma, a complete rupture can be assumed since partial ruptures are uncommon. 10 US is not recommended as a means to establish diagnosis since there is risk that the patient is not treated correctly if the physician relies too heavily on US alone. 11 On the other hand, Kotnis et al 8 used dynamic US as a selective criterion for determining whether patients should receive surgical or nonsurgical treatment. According to these researchers, a gap less than 5 mm was proposed as a limit for to whom nonsurgical treatment could be recommended. However, to the best of our knowledge, no prospective comparative research has been performed using acute US to predict reruptures and correlate with subjective and functional outcome. There is no study that has evaluated whether there is a difference in complications, symptoms, and function in patients with different sized diastases.
The aim of this study was to assess whether acute US could be used to predict rerupture and outcomes. The hypothesis was that in patients with an initial large diastasis between the tendon ends treated nonsurgically, there would be a greater risk of rerupture as well as inferior functional and patient-reported outcomes 12 months after treatment.
METHODS

Participants
The first 45 patients from a cohort of 97 patients from an RCT comparing surgical and nonsurgical treatment were included in this study. 12 We were not able to perform US on the remaining 52 patients due to new organization within the hospital, which occurred during the RCT. Demographics are reported in Table 1 . The diagnosis was established by medical history and clinical examination (palpable gap, positive Thompson test). Inclusion criteria were any patient with a complete closed unilateral midsubstance acute Achilles tendon rupture with treatment initiated within 72 hours from injury. The randomization was performed by computer-generated sealed envelopes, and the process was administered by a study coordinator with surgeon involvement. Exclusion criteria were diabetes mellitus, previous Achilles tendon rupture, other lower leg injuries, immunosuppressive therapy, and neurovascular disease. None of the included patients had a medical history of either fluoroquinolone use or corticosteroid injection in the area.
The 45 participants in this study underwent US (within 72 hours) prior to initiating treatment, where the diastasis was measured and classified. US was not used for decision making (randomization) in terms of treatment selection.
All patients received identical rehabilitation supervised by experienced physical therapists. Patient-reported outcomes together with functional outcome measures were evaluated at 12 months. A flow diagram of the study process is shown in Figure 1 . All identified reruptures underwent surgical treatment and were excluded from subsequent follow-up.
Treatment Procedure
The surgical technique was performed under local, spinal, or general anesthesia with the patient in the prone position. An open Achilles tendon repair was done with a 5-to 8-cm medial skin and paratenon incision. The tendon ends were sutured with an end-to-end modified Kessler suture technique. Postoperatively, a below-the-knee cast with the foot in a 30 equinus position was used for 10 to 14 days. Nonsurgical treatment was initiated immediately after diagnosis with a below-the-knee cast with the foot in a 30 equinus position for 10 to 14 days. After 10 to 14 days, an adjustable brace (DonJoy ROM Walker; DJO Nordic) was used for both groups for a further 6 weeks. The brace was limited to À30 of dorsiflexion with unlimited plantar flexion for the first 2 weeks, À10 for the next 2 weeks, and þ10 for the last 2 weeks. Weightbearing was allowed as much as tolerated after 6 weeks. A physical therapist did all brace adjustments. Excluding surgery, identical treatment and rehabilitation protocols were used. 12 All patients followed a standardized rehabilitation protocol and visited a physical therapist 2 to 3 times per week. 12 The rehabilitation period lasted 6 months or longer. The rehabilitation protocol is presented in detail in the original RCT. 12 
Ultrasonography Assessment
All patients were evaluated using US within 72 hours of injury. US was performed by 1 of 2 experienced radiologists using a Siemens Sonoline Antares system (Siemens Healthcare Global) provided with a variable frequency (VF) of 13.5 mHz multifrequency linear array transducer, using an 11.4-mHz default setting and scanning parameters aimed for superficial musculoskeletal scanning. Scanning of the Achilles tendon was performed in both longitudinal and axial planes assisted by dynamic scanning during passive ankle motion to facilitate identification of the tears. Moreover, extended-field-of-view scanning (SieClear, compound scanning) was done to illustrate the tendon gap (Figure 2) , while all measurements were performed using realtime scanning. No stand-off pads were used, and scanning was performed with the ankle in both neutral and approximately 30 of passive plantar flexion. Frank anechoic tendon defects or tendon discontinuities of the fibrillary echo texture were direct criterion of tendon tears. The gap between the 2 tendon ends was measured in approximately 30 of plantar flexion at the center of the tendon gap and graded as 0 to 5 mm, >5 to 10 mm, and >10 mm. These groups were used to evaluate whether there was a difference in rerupture occurrence between groups. Measurements were performed by identifying the tendon ends on the central part of the tendon on a sagittal scan. Imaging was performed using optimal settings including the highest resolution possible, with measurements performed on zoomed images, and the mean of 3 separate measurements was used as the result value of the gap. Only the tendon fibers were scanned, and no attention was given to the paratenon. All patients scanned had sustained complete Achilles tendon ruptures; no partial tears were included in the investigation.
Functional Testing
The MuscleLab system (Ergotest Technology) was used for the functional evaluation. The MuscleLab system has been used in several studies to evaluate outcome after Achilles tendon rupture. 12, 14, 16 The functional testing consisted of 2 jump tests and 1 endurance test performed as described by Silbernagel et al. 17 In the present study, the heel-rise test, countermovement jump (CMJ), and hopping were evaluated 12 months after the index injury. The results of the functional tests are presented as limb symmetry index For the heel-rise endurance test, the patients were asked to perform as many single-leg standing heel-rises as possible and as high as possible while standing on a box with an incline of 10 . A metronome was used to assist the patient with keeping the pace of performing 30 reps/min. The number of heel rises as well as the height of each heel rise and the total amount of work (body weight Â total distance in joules) were used for analysis. The maximal heel-rise height was also documented. The CMJ test involves the participants making a vertical jump after having bent their knee to a desired flexion. Three jumps on each side were performed, and the mean was used for analysis. The maximum jumping height (in cm) was used. Hopping is a rhythmical jump similar to skipping rope. This was performed 1 leg at a time; 25 jumps were recorded. The hopping height (in cm) as well as the hopping quotient (flight time/contact time) were used for data analysis.
Patient-Reported Outcomes
The Achilles tendon Total Rupture Score (ATRS), a reliable and validated patient-reported outcome, was used to evaluate patient symptoms at the 12-month follow-up. 13 This questionnaire consists of 10 questions concerning symptoms and functional ability after an Achilles tendon rupture. The maximum score is 100, indicating no symptoms and full recovery. The minimal detectable change has been shown to be 6.8 points. 3 
Statistical Analysis
All data were analyzed using SPSS Statistics for Windows version 22.0 (IBM Corp). Descriptive data are reported as mean, standard deviation, and range. The level of significance was set at P < .05. The LSI was calculated to compare the 2 treatment groups. The LSI was defined as the ratio between the involved limb score and the uninvolved limb score, expressed as a percentage: LSI ¼ (Involved limb/ Uninvolved limb) Â 100.
The 3 groups (0-5 mm, >5-10 mm, and >10 mm) were used to compare the occurrence of reruptures. When comparing reruptures, a Pearson chi-square analysis between the 3 groups was performed. Positive predictive value was calculated as patients in the group with a rerupture divided by all the patients in the group.
At the 12-month follow-up, the >10-mm group only consisted of 2 patients since 3 of the 5 had suffered from a rerupture and were not included in the 12-month follow-up. Therefore, it was decided to merge the remaining 2 patients from the >10-mm group into 2 groups ( 5 mm, >5 mm) for the 12-month follow up. The Mann-Whitney U test was performed to compare the 2 groups at the 12-month follow-up. Moreover, 1 patient was unable to attend the 12-month follow-up due to systemic illness and was therefore excluded.
All patients gave their written consent to participate. Ethical approval was granted from the regional ethical review board in Sweden.
RESULTS
The US results measuring the diastases between the tendon ends are reported in Table 2 . The diastasis measurement showed that the 5-mm group consisted of 20 (44%) patients and the >5-mm group had 25 (56%) patients.
Reruptures
There were 3 total reruptures in the study population (6.7%), all of which were initially treated nonsurgically and had a gap >10 mm. Three of the 4 patients with a gap >10 mm sustained a rerupture. This gives a positive predictive value of 75% of sustaining a rerupture when having a tendon gap greater than 10 mm treated nonsurgically. Using the chi-square test, there was a significant difference (P < .001) found between the 3 groups.
Patient-Reported Outcomes
There were no significant differences (P ¼ .17) in ATRS in the entire group between the 5 mm and >5 mm diastases at the 12-month follow-up, as seen in Table 3 . When analyzing the treatment groups separately, a significant difference (P ¼ .004) in ATRS was found between 5 mm and >5 mm groups for the nonsurgical treatment; the >5 mm group had a greater degree of symptoms (Table 4 ). There were no significant differences between groups for surgically treated patients.
Functional Outcome
No significant differences were observed for the entire group in terms of heel-rise test, hopping, and CMJ, regardless the size of the gap, at the 12-month follow-up (Table 3) . However, when the surgically and nonsurgically treated groups were compared separately, a significant difference was found between the 5-mm and the >5-mm groups for the nonsurgical group regarding heel-rise height (P ¼ .048). No differences were found for any other tests irrespective of treatment or 5-mm and >5-mm index gap (Table 4) .
Comparing nonsurgical and surgical patients with an index gap of >5 mm, there was a significant difference for heel-rise height and heel-rise work between the groups in favor of surgical treatment (Table 5) . However, no significant difference was observed for ATRS or jump tests.
DISCUSSION
One of the most important findings in this study was that all the identified reruptures were in the >5-mm group (>10-mm subgroup) and treated nonsurgically. The total number of patients in the subgroup was 4, 3 of which sustained a rerupture. This gives a positive predictive value of 75% to sustain a rerupture when having an initial gap >10 mm and being treated nonsurgically. Moreover, in the nonsurgically treated group, patients with an initial gap >5 mm had a significantly greater (P ¼ .004) degree of symptoms (ATRS) and significantly lower (P ¼ .048) heel-rise height.
This study supports the use of acute US to measure tendon diastasis as part of a clinical treatment algorithm to determine whether a patient with an acute Achilles tendon rupture will benefit from surgical treatment. It has been shown that surgical treatment is related to an increased risk of infection and sural nerve damage whereas nonsurgical treatment may lead to an increased risk of rerupture. 7 A rerupture is one of the most serious complications; it is therefore of great interest to identify risk factors to avoid rerupture. The aim of the current research was to find measures that can help with the decision of whether surgical treatment is of benefit for an individual patient to minimize the risk of rerupture despite the increased risk of other complications. In the present study, there was a correlation between a large initial diastasis and the risk of rerupture in nonsurgically treated patients. However, our sample was too small to determine whether surgical treatment of those with a gap >10 mm will prevent rerupture. Our findings further suggest that a diastasis of more than 5 mm between the tendon ends indicates a need for surgical treatment to improve clinical outcomes. This conclusion is similar to the findings of Kotnis et al. 8 Previous work by Thermann et al 19 and Kotnis et al 8 has suggested that a more than 5-mm diastasis may be considered to confirm nonapposition of the tendon ends and hence be a recommended cutoff point to offer surgical management. If the tendon ends are not in proper contact during the first 2 weeks, this might lead to difficulties in terms of tendon healing, with either an increased risk of rerupture or poor outcome related to tendon lengthening. Voleti et al 20 have shown that if there is insufficient tendon contact in the early phase, a healing problem can be expected. However, tendon healing is similar to bone healing, with new tendinous tissue forming a callus to bridge the gap between the tendon ends. To be able to restore the continuum, the ends need proximity as strength and other mechanical properties continuously improve during the healing phase. 9 Even though nonsurgical treatment works well in most patients, in those with too large of a diastasis, there might be insufficient approximation of the tendon ends even if the injured leg is placed in the equinus position. In the present study, we found that the patients with a >10-mm diastasis had a greater degree of rerupture, indicating that the 5-mm diastasis might not be the definite cutoff point for predicting rerupture. On the other hand, those with a >5-mm diastasis and treated nonsurgically had a greater degree of symptoms and worse function. Hence, the results support using the size of the diastasis as a measurement for determining the need for surgical treatment, but further research is needed to confirm whether 5 mm is the optimal cutoff point.
US has previously been used early after injury. 1 However, in this study, the purpose was to describe the frequency of various types of ruptures based on the location and contact types (contact and structure of interposition between the tendon ends). However, US is not recommended to be used as a diagnostic tool due to occurrence of false negatives, and patient history and clinical examination are sufficient for diagnosis. 10 In this study the diagnosis of acute Achilles tendon rupture was made by the orthopaedic surgeon during the clinical examination prior to performing the US examination.
Magnetic resonance imaging (MRI) has also been shown to be a useful tool in assessing the diastasis between tendon ends. 6 However, greater costs and not so easy accessibility restrict its use. With future development within the field of radiology and with more readily available MRI scans, it seems that MRI may have an increasing role in the future of assessing rupture patterns.
ATRS is a commonly used patient-reported outcome when evaluating outcomes after an acute Achilles tendon rupture. In our study, the nonsurgical group with a diastasis of >5 mm scored 20 points lower than patients with a diastasis of 5 mm (P ¼ .004). However, this difference was not observed in the surgical group. The nonsurgical group with a diastasis of 5 mm also had similar results to surgically treated patients. Previous RCTs comparing surgical and nonsurgical treatment have not been able to demonstrate significant differences in ATRS after 12 months. 12, 16 This study also showed that patients with a larger diastasis treated nonsurgically had a significantly lower heelrise height compared with those with a diastasis of 5 mm (P ¼ .048). Heel-rise work showed a trend in favor of surgically treated patients (P ¼ .08). The differences between nonsurgically and surgically treated patients were smaller and nonsignificant in terms of jump tests (CMJ, P ¼ .258; hopping, P ¼ .749). Furthermore, when comparing surgical and nonsurgical management for patients with a diastasis >5 mm, there was a significant difference in heel-rise height (P ¼ .037) and heel-rise work (P ¼ .01). This could indicate that nonoperative treatment of a large diastasis creates a worse outcome with regard to heel-rise function.
To our knowledge, there is no previous study that has been able to correlate findings between US and functional and patient-reported outcomes in a prospective study. The treatment protocols for both groups were identical except for the surgical or nonsurgical treatment. Since these patients were all part of an RCT with very strict inclusion and rehabilitation criteria and where both groups followed identical rehabilitation protocols, we consider this to be a strength of the present study.
A limitation of the present study is the limited number of patients. US imaging was planned for the entire RCT study, but due to hospital reorganization, we were only able to perform the US assessment on the first 45 patients, which makes it difficult to draw strong conclusions regarding rerupture. Another limitation of the study is that 2 experienced radiologists performed the US examinations; however, there is a possibility for varied assessment between the investigators; interrater reliability is missing in the present study.
Finally, there is a need for further larger studies to clarify the benefit of using US as a tool to select treatment for patients suffering from an acute Achilles tendon rupture.
CONCLUSION
Acute US measurement of the diastasis between the ruptured tendon ends may give the treating physician an indication of the risk of having a rerupture and poor outcome, hence providing guidance in the decision between surgical and nonsurgical management. Nonsurgical management of Achilles ruptures with a gap >10 mm had a significantly higher rate of rerupture than nonoperative treatment with a gap <10 mm. Nonsurgical management of ruptures with a gap >5 mm led to inferior outcomes for heel-rise height and heel-rise work compared with surgical treatment.
